Stem cells must proliferate while maintaining 'stemness'; however, much remains to be learned about how factors that control the division of stem cells influence their identity. Multiple stem cell types display cell cycles with short G1 phases, thought to minimize susceptibility to differentiation factors. Drosophila female germline stem cells (GSCs) have short G1 and long G2 phases, and dietdependent systemic factors often modulate G2. We previously observed that Cyclin E (CycE), a known G1/S regulator, is atypically expressed in GSCs during G2/M; however, it remained unclear whether CycE has cell cycle-independent roles in GSCs or whether it acts exclusively by modulating the cell cycle. In this study, we detected CycE activity during G2/M, reflecting its altered expression pattern, and showed that CycE and its canonical partner, Cyclin-dependent kinase 2 (Cdk2), are required not only for GSC proliferation, but also for GSC maintenance. In genetic mosaics, CycE-and Cdk2-deficient GSCs are rapidly lost from the niche, remain arrested in a G1-like state, and undergo excessive growth and incomplete differentiation. However, we found that CycE controls GSC maintenance independently of its role in the cell cycle; GSCs harboring specific hypomorphic CycE mutations are not efficiently maintained despite normal proliferation rates. Finally, CycE-deficient GSCs have an impaired response to niche bone morphogenetic protein signals that are required for GSC self-renewal, suggesting that CycE modulates niche-GSC communication. Taken together, these results show unequivocally that the roles of CycE/Cdk2 in GSC division cycle regulation and GSC maintenance are separable, and thus potentially involve distinct sets of phosphorylation targets.
INTRODUCTION
Stem cells have extensive proliferative potential, but must also maintain a balance between self-renewal and production of differentiated daughters. Many progenitor/stem cell populations, including Drosophila germline stem cells (GSCs), C. elegans germline progenitors and mammalian embryonic stem cells, have cell cycles in which the G1 phase is very short or absent (Fox et al., 2011; Hsu et al., 2008; Singh and Dalton, 2009) . Decreasing G1 length has been proposed as a strategy employed by various types of mammalian embryonic and adult stem cells to limit their sensitivity to differentiation signals (Lange and Calegari, 2010; Orford and Scadden, 2008; Singh and Dalton, 2009) . Other lines of evidence in Drosophila neuroblasts and follicle stem cells (FSCs), and C. elegans germline progenitors, however, suggest that the canonical cell cycle regulator Cyclin E (CycE) can function to maintain stem cells independently of the cell cycle (Berger et al., 2010; Fox et al., 2011; Jeong et al., 2011; Singh and Dalton, 2009; Wang and Kalderon, 2009) . The relationship between cell cycle regulation and stem cell maintenance across different systems is therefore incompletely defined, and the range of mechanisms involved remains poorly understood.
GSCs in the adult Drosophila ovary have relatively short G1 and long G2 phases, and multiple diet-dependent signals regulate G2 (Ables and Drummond-Barbosa, 2010; Hsu et al., 2008; LaFever et al., 2010) . GSCs self-renew and generate cystoblasts via asymmetric cell division (Fig. 1A) . Cystoblasts undergo four rounds of incomplete mitosis to produce 16-cell germline cysts (composed of one oocyte and 15 nurse cells) that are subsequently enveloped by follicle cells derived from FSCs (Ables et al., 2012) . Although core cell cycle machinery components, including Cyclin A (CycA) and Cyclin B (CycB) in females and Cdc25 in males, influence GSC maintenance (Chen et al., 2009; Inaba et al., 2011; Wang and Lin, 2005) , it is largely unknown how factors that control proliferation of GSCs modulate their self-renewal.
CycE, a known regulator of the G1/S transition in somatic cells (Möröy and Geisen, 2004) , is atypically expressed in Drosophila female GSCs (Hsu et al., 2008) . In ovarian follicle cells and germline cysts, CycE levels oscillate, peaking in G1 and rapidly decreasing during S (Calvi et al., 1998; Hsu et al., 2008; Lilly and Spradling, 1996) . By contrast, CycE expression in GSCs is not limited to G1, as CycE is frequently detected with CycB (a G2/M marker) or during M phase (Hsu et al., 2008) . It remained unclear, however, whether CycE has specialized cell cycle-independent roles in GSCs or whether it acts exclusively by modulating the cell cycle.
Here, we demonstrate that CycE controls the maintenance of GSCs by modulating their response to niche signals. CycE activity is broadly evident during G2 and M, reflecting its expression pattern. In addition to their role in GSC proliferation, CycE and its canonically associated kinase, Cyclin-dependent kinase 2 (Cdk2; also known as Cdc2c), are required for GSC maintenance. GSCs lacking CycE or Cdk2 function are rapidly lost from the niche, and become unusually large while arrested in a G1-like state. Although CycA and CycB levels are decreased in CycE mutant GSCs, our data suggest that the loss of CycE-deficient GSCs is not simply a consequence of alterations in other cyclins, or of lengthening of G1. Instead, CycE controls GSC maintenance at least in part independently of its role in the cell cycle. Specifically, GSCs harboring two hypomorphic CycE mutations (Wang and Kalderon, 2009 ) display normal rates of proliferation, but fail to be efficiently maintained. Finally, we show that CycE-deficient GSCs have an impaired response to niche bone morphogenetic protein (BMP) signals, which are known to be required for GSC maintenance (Chen et al., 2011; Xie and Spradling, 1998) . We speculate that the cell cycle-independent function of CycE in modulating the responsiveness of GSCs to key signals could potentially be conserved in other stem cells or cancers.
MATERIALS AND METHODS

Drosophila strains and culture conditions
Flies were maintained at 22°-25°C in standard medium. For genetic mosaic analyses using flipase (FLP)/FLP recognition target (FRT) (Xu and Rubin, 1993) , we obtained the following alleles on FRT-containing chromosomes: (Sukhanova and Du, 2008) . CycB 2 (Jacobs et al., 1998) was recombined with FRT40A. y w is used as wild type. Other genetic tools are described in FlyBase (Ashburner and Drysdale, 1994) .
Genetic mosaic generation and GSC analyses
Genetic mosaics were generated by FLP/FRT-mediated recombination in 2-to 3-day-old females carrying a mutant allele in trans to a wild-type allele (linked to a Ubi-GFP marker) on homologous FRT arms, and a hs-FLP transgene, as described (Ables and Drummond-Barbosa, 2010) . Wildtype, instead of mutant, alleles were used for control mosaics. GSCs were identified based on the juxtaposition of their fusomes to adjacent cap cells (Ables and Drummond-Barbosa, 2010; Hsu and Drummond-Barbosa, 2009) .
GSC loss was measured as the percentage of total germline-mosaic germaria showing evidence of recent GSC loss, namely the presence of GFP-negative cystoblasts/cysts in the absence of the GFP-negative mother GSC, 8 or 12 days after recombination (Method I) (Ables and DrummondBarbosa, 2010; Hsu and Drummond-Barbosa, 2009 ). Alternatively, we quantified the frequency of total analyzed germaria containing at least one GFP-negative GSC 4, 8 or 12 days after recombination (Method II) (Xie and Spradling, 1998) . Results were subjected to  2 analysis. To quantify proliferation, dissected ovaries were incubated for 1 hour at room temperature in Grace's Insect Media (Lonza) containing 10 µm 5-ethynyl-2Ј-deoxyuridine (EdU; Invitrogen), immediately preceding fixation and staining. EdU was detected using AlexaFluor-594 via Click-It chemistry, following the manufacturer's recommendations (Invitrogen). The number of EdU-positive GSCs was measured as a percentage of total GFP-negative GSCs analyzed. Results were subjected to  2 analysis. The number of GFP-negative GSC progeny was calculated as the total number of GFP-negative cystoblasts and cysts divided by the total number of GFPnegative GSCs in each germarium. Results were averaged across 24 to 33 germaria.
Immunofluorescence and microscopy
Ovaries were dissected, fixed, washed and blocked as described previously (Ables and Drummond-Barbosa, 2010) , except where noted. The following primary antibodies were used overnight at 4°C: mouse anti-Hts [1B1, Developmental Studies Hybridoma Bank (DSHB); 1:10], mouse antiLamin C (LamC) (LC28.26, DSHB; 1:100), rabbit anti-GFP (TP-401, Torrey Pines Biolabs; 1:2500), rabbit anti-pMad (#1880, Epitomics; 1:100), mouse anti-CycB (F2F4, DSHB; 1:20), mouse anti-Bam (DSHB; 1:10), rat anti-E-Cadherin (DCAD2, DSHB; 1:3), mouse anti-Orb (4H8, DSHB; 1:20), rabbit anti-cleaved Caspase 3 (#9661S, Cell Signaling Technology; 1:50), guinea pig anti-CycE (a gift from T. Orr-Weaver, Whitehead Institute, Cambridge, MA, USA; 1:1000) (Hsu et al., 2008) , mouse antiCycE (8B10; 1:10) , mouse anti-MPM2 (#05-368, Millipore; 1:100), guinea pig anti-Dup (1:1000) (Whittaker et al., 2000) and rabbit anti-C(3)G (1:3000) (Hong et al., 2003) . For anti-E-Cadherin labeling, fixed ovaries were permeabilized for 30 minutes in 0.5% Triton X-100 in PBS prior to blocking. For anti-Bam labeling, ovaries were fixed for 10 minutes in 4% formaldehyde, permeabilized in 0.3% Triton X-100 in PBS, then blocked in 0.5% BSA in 0.3% Triton X-100 in PBS prior to primary antibody incubation. Following a 2-hour incubation with Alexa Fluor 488-, 568-or 633-conjugated goat species-specific secondary antibodies (Invitrogen; 1:200), ovaries were stained with 0.5 µg/ml 4Ј-6-diamidino-2-phenylindole (DAPI) (Sigma). Ovaries were mounted in 90% glycerol containing 20 mg/ml n-propyl gallate (Sigma). Confocal z-stacks (1 µm optical sections) were collected with a Zeiss LSM 700 microscope using ZEN 2009 software. Images were analyzed using Zeiss ZEN or AxioVision software, and minimally and equally enhanced via histogram using Adobe Photoshop CS4. DNA content was measured as the total DAPI fluorescence intensity across 3-7 single z-planes in AxioVision, using 'round' fusome wild-type GSCs in G2 or early mitosis (4n) as controls. To compare pMad levels between GFP-negative mutant GSCs and neighboring GFP-positive wild-type GSCs, fluorescence intensity was quantified using AxioVision by manually demarcating individual GSC nuclei and measuring densitometric mean (grey units/pixel) at the largest nuclear diameter. E-cadherin levels at the GSC-cap cell junction were similarly measured using morphometric analysis of single z-planes or maximum intensity projections. As a measure of cell size, we calculated the cross-sectional area of GFP-negative single cells across their largest diameter in control versus mutant genetic mosaics using AxioVision. Statistical analysis was performed using the Student's two-tailed t-test or one-way ANOVA in Microsoft Excel or GraphPad Prism.
RESULTS
Cyclin E expression peaks during G2 in GSCs
CycE, a canonical G1/S cyclin (Möröy and Geisen, 2004) , is atypically expressed during the G2 and M phases in GSCs, based on colocalization with CycB and mitotic figures (Hsu et al., 2008) . To examine CycE levels carefully as GSCs progress through the cell cycle, we quantified CycE fluorescence intensity within wildtype GSCs displaying different forms of the fusome, a germlinespecific organelle that undergoes morphological changes according to the cell cycle ( Fig. 1AЈ ; supplementary material Fig. S1 , Table  S1 ) (de Cuevas and Spradling, 1998; Hsu et al., 2008) . Our analysis (n=467 GSCs) showed that CycE reaches its highest levels during
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Development 140 (3) G2, specifically when GSCs have 'round' fusomes ( Fig. 1AЈ-D) . CycE levels remain relatively high through the 'plug' fusome stage, which corresponds to GSCs in G1 (Fig. 1D ). During subsequent cell cycle stages, exhibiting 'bar' (G1/S), 'dumbbell' (S), 'fusing' (very early G2) and 'exclamation point' (G2) fusome morphologies ( Fig. 1AЈ ), CycE expression becomes significantly lower (Fig. 1C,D) . Thus, CycE expression peaks during G2 prior to the onset of M and is downregulated as cells progress from G1 into S, remaining low into early G2.
Cyclin E appears to be active during G2 in GSCs
The high levels of CycE during G2 in GSCs might represent CycE actively complexed with Cdk2; alternatively, CycE might remain inactive until G1, following a more canonical pattern of activity. Our analysis of the DNA replication licensing factor Double parked (Dup), the mammalian Cdt1 homolog (Whittaker et al., 2000) , supports the former possibility. During eye development, Dup is co-expressed with CycE in late G1 but is then rapidly degraded (in part as a result of CycE/Cdk2 activity), while CycE expression extends into S (Thomer et al., 2004) . In GSCs, Dup also mirrors CycE in its pattern of high G2 expression; however, in contrast to CycE, Dup expression is negligible in G1 ( Fig. 1E -G). Thus, Dup and CycE are co-expressed in GSCs (albeit in an atypical pattern) and the decline in Dup expression precedes that of CycE, reminiscent of their relationship in the developing eye.
To more directly monitor CycE activity in GSCs, we used MPM2 antibodies that recognize conserved mitotic phosphoepitopes (Davis et al., 1983) and label the Drosophila histone locus body, reflecting CycE activity in the embryo, endocycling follicle cells and mitotically dividing cysts (Calvi et al., 1998; NarbonneReveau and Lilly, 2009; White et al., 2007) . We observed MPM2-positive spherical structures corresponding to the histone locus body in early germ cells (Fig. 1H,I ), and confirmed that MPM2 labeling is dependent on CycE in GSCs (Fig. 1I,J) . In contrast to the oscillating presence of MPM2 epitopes in dividing germline cysts (Narbonne-Reveau and Lilly, 2009), MPM2 stains all GSCs, regardless of their cell cycle phase (n=110 GSCs; Fig. 1H ,J), suggesting that CycE is active throughout most of the cell cycle. The constant phosphorylation of the histone locus body detected by MPM2 in GSCs (in contrast to the dynamic CycE pattern) potentially reflects more stable phospho-epitopes in the histone locus body relative to other targets or, alternatively, a lower CycE activity threshold requirement for the phosphorylation of a subset of targets. Taken together, these results suggest that some of the cell cycle events (i.e. high CycE activity, Dup expression) normally associated with G1 occur during G2 in GSCs. These observations could potentially help explain the short G1 in GSCs.
CycE-and Cdk2-deficient GSCs arrest in a G1-like state
Given the atypical GSC patterns of CycE expression and activity, we examined the roles of CycE in GSCs. We first asked whether CycE is required for GSC proliferation. We analyzed genetic mosaic females carrying CycE-deficient GSCs (recognized by the absence of green fluorescent protein, GFP), using EdU as an Sphase marker (Fig. 2 ). Not surprisingly, unlike wild-type GSCs in control 'mock' mosaics ( Fig. 2A,E) , null CycE AR95 GSCs (Fig. 2B ,E) failed to incorporate EdU. CycE AR95 mosaics did not contain GFP-negative multicellular germline cysts ( Fig. 2B ; data not shown), indicating that CycE is also required for division of GSC daughters. By contrast, hypomorphic CycE 1F36 (Park et al., 2007) GSCs retain sufficient activity to support normal proliferation rates. CycE functions in a complex with a cyclin-dependent kinase, Cdk2, to regulate the cell cycle (Möröy and Geisen, 2004) ; therefore, we asked whether Cdk2 was also required for GSC proliferation. Null Cdk2 3 GSCs in mosaic germaria showed a drastically reduced frequency of EdU incorporation relative to control GSCs at 8 days after clone induction (1% versus 12%, respectively; Fig. 2D 
,E). The residual EdU incorporation in Cdk2 3
GSCs presumably results from wild-type Cdk2 perdurance, as we find no EdU-positive Cdk2 3 GSCs at 12 days (Fig. 2E ). Null Cdk2 3 mosaics also failed to form normal GFP-negative cysts (Fig. 2D) , phenocopying CycE AR95 mosaics (Fig. 2B) . These results are 533 RESEARCH ARTICLE Cyclin E and stem cell fate consistent with a requirement for CycE/Cdk2 activity during GSC proliferation.
Although CycE/Cdk2 canonically regulates the G1/S transition (Möröy and Geisen, 2004) GSCs have a 2n DNA content. We also examined the mitotic cyclins CycA and CycB, which are expressed during S/G2 and G2/M, respectively (Hsu et al., 2008; Lilly et al., 2000; Wang and Lin, 2005) . As previously described (Lilly et al., 2000) , CycA expression was detected in the cytoplasm and enriched on 'round' fusomes of wildtype GFP-positive GSCs (supplementary material Fig. S2 ). By contrast, CycE AR95 GSCs did not express CycA (n=22 GSCs). Similarly, Although CycB was detected in neighboring GFPpositive control GSCs with the 'round' fusome morphology typical of cells in G2 and M (Hsu et al., 2008) , CycB was absent from all CycE-deficient GSCs examined (Fig. 3A,AЈ; GSCs). A large percentage of CycE AR95 GSCs have either a 'plug'-like ( Fig. 3C ; 20%) or abnormally stretched ( Fig. 3D ; 24%) fusome (see Fig. 1A ), whereas 53% of CycE AR95 GSCs (n=86) have a 'round'-like fusome (Fig. 3B,C) . These results indicate that fusome morphology becomes aberrant in the absence of CycE, consistent with the reported detection of active CycE at the fusome (Ohlmeyer and Schüpbach, 2003) . Finally, we observe that null CycE AR95 or Cdk2 3 GSCs appear to grow continuously, reaching significantly larger sizes than wild-type GSCs (supplementary material Fig. S3 ). Taken together, these data indicate that GSCs completely lacking CycE activity arrest in an abnormal G1-like state.
CycE and Cdk2 are required for GSC maintenance
The unusual expression and activity profiles of CycE in GSCs suggest that CycE might have specialized roles in these cells. To test whether CycE is required for GSC maintenance, we measured GSC loss in control versus CycE mutant mosaic germaria ( Fig. 4 ; see Materials and methods). We calculated the percentage of germaria with a mosaic germline that contained GFP-negative cystoblasts/cysts, but lacked an accompanying mother GFPnegative GSC (i.e. GSC loss event). In control 'mock' mosaics, where all cells are wild type, few GSC loss events were observed ( Fig. 4A,E ; supplementary material Table S2 ). In striking contrast, null CycE AR95 or strong hypomorphic CycE KG00239 mosaic germaria frequently displayed large, single, GFP-negative cells, without an accompanying GFP-negative GSC ( Fig. 4B,E or CycE 1F36 alleles showed GSC loss at a small but significant frequency ( Fig. 4C,E ; supplementary material Table S2 ). This finding is in contrast to a previous report that CycE WX GSCs are well maintained (Wang and Kalderon, 2009 ); this discrepancy is likely to be due to the different sensitivities of methods used to measure GSC loss (for example, compare Method I and Method II in supplementary material Table S2 ). We also found frequent GSC loss in null Cdk2 3 mosaic germaria ( Fig. 4D,E Table S2 ). These data indicate that CycE/Cdk2 is required for maintenance of the GSC fate.
CycE mutant GSCs have a distinct phenotype relative to GSCs lacking CycB CycB and CycA are known to modulate GSC maintenance (Chen et al., 2009; Hsu et al., 2008; Wang and Lin, 2005) ; therefore, we considered the possibility that CycE-deficient GSCs are lost due to the absence of these mitotic cyclins (see Fig. 3A ,AЈ; supplementary material Fig. S2 ). Although we cannot formally rule out that absence of CycA contributes to the maintenance defect of CycE
AR95
GSCs, an excess, rather than lack, of CycA has been shown to impair GSC maintenance (Chen et al., 2009) . As previously reported (Wang and Lin, 2005) , null CycB 2 GSCs are rapidly lost from the niche (supplementary material Fig. S4 ). The phenotype of CycE AR95 GSCs, however, is markedly distinct from that resulting from loss of CycB function (Fig. 3) . CycB 2 GSCs are normally sized ( Fig. 3E; supplementary material Fig. S3) , display a compact DNA morphology (in contrast to the more diffuse DNA morphology of CycE AR95 GSCs; Fig. 3 ), and are found with either 'round' or 'fusing' fusome morphologies, consistent with a G2 arrest ( Fig. 3E ; n=32 GSCs). Thus, it seems improbable that CycE AR95 GSCs fail to be maintained simply as a secondary consequence of CycB absence.
CycE has a role in GSC maintenance that is at least partially distinct from its role in proliferation Null CycE GSCs have impaired proliferation and maintenance; however, it remains unclear whether the maintenance role of CycE is secondary to its effects on cell cycle progression. Lower proliferation rates per se do not cause GSC loss because GSCs defective for insulin signaling in genetic mosaics divide more slowly due to a prolonged G2, but are well maintained (Hsu and Drummond-Barbosa, 2009; Hsu et al., 2008; LaFever et al., 2010) . It remained possible, however, that the G1-like arrest of GSCs deficient for CycE (see Fig. 3 ) was responsible for their loss. Nevertheless, hypomorphic CycE WX and CycE 1F36 GSCs in mosaic germaria are lost at a significantly higher rate than control GSCs (Fig. 4C,E) , despite their normal proliferation rates (see Fig. 2C ,E), demonstrating that the role of CycE in GSC maintenance is separable from its role in regulating GSC proliferation. Additionally, CycE WX GSCs do not grow excessively (see supplementary material Fig. S3 ), indicating that the loss of CycE AR95 GSCs is not simply a consequence of their large size. Thus, we conclude that CycE has a cell cycle-independent role in controlling GSC maintenance. Given that the GSC loss phenotype is less severe for CycE WX and CycE
1F36
than for stronger CycE AR95 or CycE KG00239 alleles, however, we cannot exclude the possibility of a partial contribution of CycE to GSC maintenance that is secondary to its cell cycle role.
Absence of CycE does not lead to apoptosis
We next asked whether loss of CycE or cell cycle disruption in null CycE AR95 GSCs could result in their apoptosis. We analyzed CycE AR95 mosaic germaria using the early apoptosis marker cleaved Caspase 3 (Yu et al., 2002 ), but did not detect it in any GFP-negative CycE AR95 germ cell ( Fig. 5A-C ; n=28 CycE AR95 GSCs). Although other forms of cell death are theoretically possible, they are unlikely, because the frequency of observed GSC loss events increases with time (see Fig. 4E ), consistent with inefficient clearing of CycE-deficient cells from mosaic germaria. Indeed, CycE AR95 germ cells are frequently detected near early follicle cells (Fig. 5B) , and are occasionally encapsulated by follicle cells (Fig. 5D) . Intriguingly, however, we found that the percentage of CycE AR95 mosaic germaria containing at least one GFP-positive cell with cleaved Caspase 3 was significantly increased relative to control 'mock' mosaics (Fig. 5B,BЈ,C) . We also noticed many examples of CycE AR95 mosaic germaria containing GFP-negative, yet no GFP-positive, germ cells (Fig. 5A) . Taken together, these results indicate that CycE-deficient cells are not lost through apoptosis. Furthermore, they suggest that CycE null cells, perhaps owing to their excessive growth, outcompete neighboring wild-type cells for nutrients, survival factors, or other resources, resulting in the death of otherwise normal wild-type cells.
CycE does not control E-cadherin levels at the GSC-cap cell junction
Our observations that single CycE AR95 germ cells do not apoptose and are detected away from the niche led us to hypothesize that the 535 RESEARCH ARTICLE Cyclin E and stem cell fate absence of CycE in GSCs may cause their loss as a result of downregulation of E-cadherin, which is required for anchoring GSCs to the niche (Song et al., 2002) . We found no significant difference, however, in E-cadherin mean fluorescence intensity at the cap cell-GSC interface between CycE AR95 and adjacent wildtype GSCs (Fig. 6A-C) , suggesting that the loss of CycE AR95 GSCs is not due to reduced E-cadherin levels. In fact, the total E-cadherin fluorescence intensity at the cap cell-GSC interface in CycE
AR95
GSCs is significantly greater than that of control GSCs (Fig. 6D) , consistent with the large size and apparent larger niche contact area of CycE AR95 GSCs (e.g. see Fig. 6B ; supplementary material Fig.  S3 ). These results are in contrast to the proposed connection between CycE and E-cadherin in FSCs, although in those studies, E-cadherin levels were not directly measured in CycE mutant FSCs (Wang and Kalderon, 2009). Null CycE AR95 GSCs have a reduced response to BMP signals, but fail to fully differentiate CycE mutant GSCs are not lost due to apoptosis or reduced Ecadherin levels; therefore, we asked whether premature differentiation might explain the rapid loss of CycE AR95 GSCs. BMP ligands produced by the niche are required for GSC maintenance (Chen et al., 2011; Xie and Spradling, 1998) . To test the ability of CycE mutant GSCs to respond to these signals, we measured the levels of phosphorylated Mothers against decapentaplegic (pMad), a well-established reporter of BMP pathway activation (Ables and Drummond-Barbosa, 2010; Kai and Spradling, 2003) . CycE AR95 GSCs consistently displayed lower levels of pMad than neighboring wild-type GSCs (Fig. 7A,AЈ,B) . Wild-type cystoblasts also express low levels of pMad once they transition from pre-cystoblast to cystoblast (Rangan et al., 2011) . Nevertheless, CycE AR95 cystoblast-like cells express lower levels of pMad than neighboring wild-type cystoblasts of similar proximity to the niche (Fig. 7A,AЈ,B) . These data indicate that, in the absence of CycE function, GSCs do not respond properly to niche BMP signals.
The reduced BMP signaling in CycE AR95 GSCs could be an indirect consequence of the G1-like cell cycle stage in which they are arrested (see Fig. 3 ), or they may reflect a more direct role of CycE in modulating BMP responsiveness. We therefore measured pMad levels throughout the cell cycle of wild-type GSCs and found no cell cycle-dependent pattern (supplementary material Fig. S5 ). These observations suggest that CycE modulates BMP signaling independently of the cell cycle, in accordance with the impaired maintenance of CycE WX and CycE 1F36 GSCs in the absence of proliferation defects (see Figs 2, 4) .
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BMP signaling inhibits GSC differentiation at least in part through transcriptional repression of bag of marbles (bam) (Chen et al., 2011) . Low pMad levels in CycE AR95 GSCs might therefore indicate that these cells have prematurely differentiated to a cystoblast or later fate, despite failing to divide again because of the separate role of CycE in proliferation. As in wild-type GSCs, however, Bam is undetectable in CycE AR95 GSCs, despite low pMad levels (Fig. 7C,CЈ) , reminiscent of the situation in GSCs mutant for pelota, a gene that controls self-renewal through repression of a Bam-independent differentiation pathway . Thus, although the reduction in BMP signaling observed in CycE AR95 GSCs is not sufficient to cause Bam upregulation, it might derepress a Bam-independent differentiation pathway.
We also examined the fate of CycE AR95 cystoblast-like cells. These cells express Bam at the moderate levels found in wild-type cystoblasts (Fig. 7C,D) , but never show the high levels of Bam observed in wild-type two-, four-or eight-cell cysts (Fig. 7C,D (Lantz et al., 1994) or C(3)G (Hong et al., 2003) (supplementary material Fig. S6A,B ; n=73 or 86 CycE AR95 cystoblast-like cells, respectively). We considered the possibility that CycE AR95 cystoblast-like cells fail to differentiate due to impaired function of the gap junction component Innexin 4/Zero population growth (Zpg); however, zpg-deficient cystoblasts die at very early stages of differentiation (Gilboa et al., 2003) Fig.  S6C,D) . In summary, these results show that CycE controls the responsiveness of GSCs to BMP signals, probably in a cell cycleindependent way, and that the arrest of CycE AR95 GSCs is not sufficient to cause their terminal differentiation or the upregulation of differentiation factors. In fact, the role of CycE in promoting proliferation/S-phase entry appears to be required for the complete differentiation of germ cells.
DISCUSSION
In this study, we uncover cell cycle-dependent and -independent roles of a core cell cycle machinery component, CycE, in adult Drosophila female GSCs. We demonstrate that CycE and its canonical binding partner Cdk2 promote GSC identity, and unequivocally show that the role of CycE in GSC maintenance is, at least in part, genetically separable from regulation of the GSC division cycle. Importantly, we show that CycE controls the responsiveness of GSCs to niche-derived BMP signals. In addition, our results suggest that high CycE levels in G2/M are accompanied by an altered pattern of CycE activity that probably contributes to the short length of G1 in GSCs, limiting their excessive growth. We propose the model that CycE/Cdk2 regulates two distinct sets of targets, activated by different thresholds of CycE/Cdk2 activity to stimulate cell cycle progression and promote stem cell maintenance (Fig. 7E) .
Cell cycle-independent roles of CycE in stem cell maintenance Many correlative studies address the connection between the stem cell division cycle and 'stemness' itself (Lange and Calegari, 2010; Orford and Scadden, 2008; Singh and Dalton, 2009 ); however, the precise nature of this connection and the contribution of individual cell cycle regulators to stem cell self-renewal remain largely unknown. Specifically, the proposed idea that many stem cells employ a short G1 phase as a strategy to minimize their vulnerability to differentiation factors has been controversial. Knockdown of Cdk2 in human embryonic stem cells causes G1 arrest and differentiation (Neganova et al., 2009) . Similarly, inhibition of Cdk2/CycE or other anti-proliferative manipulations lead to differentiation of neuronal precursors (Salomoni and Calegari, 2010) . By contrast, prolonging G1 in mouse embryonic stem cells does not promote differentiation (Li et al., 2012) , suggesting that the length of G1 is not a sufficient determinant of whether stem cells retain their identity or differentiate.
Several studies in Drosophila and C. elegans stem cells have also addressed the connection between the cell cycle and stem cell fate. Loss of CycB or excess of CycA causes increased female GSC loss (Chen et al., 2009; Wang and Lin, 2005) , and Cdc25/string is required for male GSC maintenance (Inaba et al., 2011) . CycE function is required for FSC maintenance, and 537 RESEARCH ARTICLE Cyclin E and stem cell fate analysis of CycE WX in the FSC lineage showed that FSC loss occurs in the absence of follicle cell proliferation defects (Wang and Kalderon, 2009) . In this study, however, the cell cycle was not directly examined in FSCs (Wang and Kalderon, 2009) , and it is known that the proliferation of FSCs and follicle cells can be distinctly regulated (LaFever et al., 2010) . We demonstrate that the role of CycE in GSC maintenance is at least partially distinct from its function in the cell cycle of the GSC, as CycE WX and CycE
1F36
GSCs fail to be maintained but exhibit normal proliferation. The CycE WX allele carries a C-terminal domain deletion that results in lower CycE/Cdk2 kinase activity (Wang and Kalderon, 2009) , suggesting that GSC maintenance targets require a higher threshold of kinase activity than cell cycle regulatory targets. Although we did not exclude an additional contribution of the cell cycle to GSC maintenance, the separate roles of CycE in GSC maintenance versus proliferation are reminiscent of the situation in the developing Drosophila nervous system and in the C. elegans germline, where CycE controls precursor identity independently of its role in their cell cycle (Berger et al., 2010) . Our studies show that CycE promotes GSC maintenance at least in part by modulating how GSCs respond to niche BMP signals. Similarly, C. elegans CycE genetically interacts with Notch signaling from the niche (Fox et al., 2011) . By contrast, CycE controls neuroblast maintenance through Prospero localization (Berger et al., 2010) , indicating that CycE operates through diverse mechanisms in different stem cell populations. Moreover, although both Drosophila and C. elegans CycE interact with niche signals, in C. elegans, the absence of CycE results in loss of GSCs by promoting their entry into meiosis (Fox et al., 2011; Jeong et al., 2011) . In Drosophila, however, the impairment in GSC maintenance appears to occur at a stage earlier than the meiotic entry decision.
The modulation of BMP signaling by CycE suggests that CycE/Cdk2 might phosphorylate components or regulators of the BMP signaling machinery. Alternatively, CycE/Cdk2 may modify chromatin modifiers, which have also been implicated in modulating BMP signaling in GSCs (Ables and DrummondBarbosa, 2010; . In fact, a genetic screen for dominant modifiers of the hypomorphic CycE JP allele during eye development identified components of the Brahma chromatin remodeling complex as CycE JP suppressors (Brumby et al., 2004) . Future studies should identify the sets of CycE/Cdk2 targets required for maintenance versus cell cycle regulation of various stem cell populations.
Other cell cycle-independent roles of cell cycle regulators As mentioned above, cell cycle regulators, including Cdc25, CycB and CycA have been implicated in GSC maintenance (Chen et al., 2009; Inaba et al., 2011; Wang and Lin, 2005) , although it remains unclear whether they control stem cell fate independently of the cell cycle. Yet, cell cycle regulators perhaps function outside of the cell cycle more commonly than previously thought. For example, Drosophila E2F is required for transfer of cytoplasm from nurse cells to oocytes, and for the establishment of oocyte dorsal-ventral polarity (Myster et al., 2000) . In postmitotic mammalian neurons, constitutively expressed CycE binds to and inhibits Cdk5 to control synaptic plasticity and memory formation (Odajima et al., 2011) . Activation of Cdk5 in adipocytes as a result of high fat-induced obesity also leads to PPAR phosphorylation and deregulated expression of insulin-sensitizing genes independently of cyclins (Choi et al., 2010) . CycE also has a Cdk2-independent role in DNA damage-induced apoptosis of growth-arrested mesenchymal precursors (Ugland et al., 2008) . It will be important to evaluate other cell cycle regulators beyond their traditional cell cycle roles in stem cells and more differentiated cell types. Altered CycE expression pattern: a common feature of progenitor/stem cell populations The high CycE levels during G2 in GSCs (this study) (Hsu et al., 2008) appear to be a common feature shared by multiple types of precursors/stem cells. In Drosophila, early syncytial embryonic divisions (Richardson et al., 1993; Sauer et al., 1995) and early histoblast divisions during metamorphosis (Ninov et al., 2009 ) lack a recognizable G1 owing to pre-accumulated stores of CycE. Mitotic germ cells in the C. elegans gonad divide rapidly with little or no G1, probably as a result of high CycE levels throughout the cell cycle (Brodigan et al., 2003; Fox et al., 2011) . CycE is constitutively expressed in mammalian embryonic stem cells,
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where G1 is also very short (Singh and Dalton, 2009 ). The short G1 in GSCs is probably a direct consequence of high CycE levels during G2 and M. For example, the high expression of the CycE target Dup (the Drosophila Cdt1 homolog) during G2/M probably contributes to rapid entry into S phase following mitosis. Indeed, a recent study in embryonic stem cells suggests that high levels of human CDT1 during G2 and M phases leads to efficient DNA replication licensing after mitotic exit (Ballabeni et al., 2011) . It is difficult, however, to address experimentally the specific consequences of having a short G1 in GSCs and other types of precursors/stem cells. The loss of CycE WX and CycE 1F36 GSCs (which have normal proliferation) indicates that CycE has a role in GSC maintenance that is genetically separable from its role in maintaining a short G1. Nevertheless, it remains possible that a short G1 contributes independently to GSC identity, consistent with the higher rate of GSC loss observed for null CycE mutant GSCs arrested in G1. It is also conceivable that high CycE activity throughout most of the cell cycle ensures more rapid cell cycles and minimizes excessive cell growth. Indeed, cystoblasts also share the atypical CycE expression and constitutive MPM2 pattern displayed by GSCs (our unpublished observations) (Hsu et al., 2008) , and we found that G1-arrested null CycE GSCs or cystoblast-like cells grow excessively (unlike G2-arrested CycB mutant cells), apparently outcompeting neighboring wild-type cells for nutrients. These data are consistent with studies showing that CycE overexpression in mammalian fibroblasts shortens G1, reduces cell size and alleviates the dependence on extrinsic growth factors for the G1/S transition (Ohtsubo and Roberts, 1993; Resnitzky et al., 1994) , potentially explaining why G2 is instead the major point of regulation by nutrient-dependent pathways in GSCs (Ables and DrummondBarbosa, 2010; Hsu et al., 2008; LaFever et al., 2010) . Finally, the presence of CycE throughout most of the cell cycle may contribute to more efficient signaling through key pathways, as suggested by our data that CycE stimulates BMP responsiveness in GSCs.
Regulation of CycE expression and activity in GSCs
The molecular mechanisms responsible for the atypical CycE pattern in GSCs remain unclear. In Drosophila somatic cells, CycE expression is activated by the transcription factor E2F, and its activity is repressed by the p21/p27 homolog, Dacapo (de Nooij et al., 1996; Duronio et al., 1998; Duronio and O'Farrell, 1995) . It is therefore conceivable that altered E2F or Dacapo function in GSCs may contribute to the atypical CycE expression and activity. Other non-canonical regulators of CycE expression could also help shape its unusual expression pattern in GSCs. For example, in Drosophila neuroblasts, CycE expression is under control of homeotic genes (Berger et al., 2005) . In the ovaries of mutants in mei-P26 (which encodes a Trim-NHL domain protein), CycE is highly expressed throughout oogenesis, suggesting that mei-P26 might modulate CycE (Neumüller et al., 2008) . Several signaling molecules important for GSC maintenance, including the BMP signal Decapentaplegic, Hedgehog and Notch, regulate CycE in a complex context-dependent manner during Drosophila eye development (Duman-Scheel et al., 2002; Escudero and Freeman, 2007; Firth and Baker, 2005; Nicholson et al., 2011) . It will be interesting to determine the role of extrinsic factors in establishing the atypical CycE pattern in GSCs.
Alternatively, CycE degradation might be differentially regulated in GSCs. Blocking the ability of the Skp/Cul/F-box (SCF) complex to target CycE for degradation can lead to its constitutive expression. For example, mutation of CycE degrons that control binding to SCF bw7 in knock-in mice disrupts CycE periodicity and causes its accumulation and increased activity (Minella et al., 2008) . Similarly, mutation of the human F-box protein CDC4 in a cancer cell line leads to very high levels of CycE (Strohmaier et al., 2001) . In early germ cells in the Drosophila ovary (Doronkin et al., 2003) , mutation of the COP9 signalosome, an SCF regulator, results in uniformly high CycE expression; however, its function has not been directly examined in GSCs.
CycE in cancer cells
Cancer cells often express constitutively high levels of CycE (Siu et al., 2012) . Some evidence suggests that high CycE levels in cancer cells may lead to genomic instability (Siu et al., 2012) . For example, CycE overexpression in rat embryo fibroblasts or human breast epithelial cells results in chromosomal instability (Spruck et al., 1999) . Mice expressing a stable version of CycE have an increased incidence of chromosomal breaks and translocations, and accelerated tumorigenesis in the absence of p53 (Loeb et al., 2005) . Activated Ras promotes genetic instability and cancer formation by inhibiting SCF bw7 -mediated degradation of CycE (Minella et al., 2005) . These observations suggest that in normal precursors/stem cells with atypical CycE patterns, there must be mechanisms in place to ensure genomic stability despite high CycE levels. Nevertheless, there may also be roles of CycE that are shared between normal stem cells and cancers. For example, analogous to the function of CycE in stimulating BMP signaling in Drosophila GSCs, CycE may contribute to the stem cell-like potential of cancers to generate new cells, perhaps by boosting the signaling activity of key tumorigenic pathways.
